Abstract Chronic kidney disease (CKD) significantly increases cardiovascular morbidity and mortality. CKD remains an under-represented population in cardiovascular clinical trials, and cardiovascular disease is an under-treated entity in CKD. Traditional cardiovascular risk factors in conjunction with uremia-related complications often progress to myocardial dysfunction. Such uremic cardiomyopathy leads to over-activation of neurohormonal pathways with detrimental effects. Management of the reno-cardiac syndrome (RCS) requires the targeting of these multiple facets. In this article we discuss the relevant pathophysiology of RCS, and present the clinical data related to its management.
Introduction
Bidirectional interactions between the cardiac and renal systems are mediated through hemodynamic and neurohormonal pathways. In pathologic conditions, this organ cross talk culminates into the vicious cycle often loosely defined as cardiorenal syndrome (CRS). RCS sometimes referred to as CRStype 4 [1] has been defined as CKD leading to progressive secondary cardiac dysfunction, which may include structural abnormalities (such as fibrosis, left ventricular hypertrophy (LVH), low capillary density), as well as functional changes (such as ischemia, arrhythmia and systolic/diastolic dysfunction). There is no single biomarker or imaging modality that can diagnose RCS, which complicates our ongoing efforts to better understand the potential treatment strategies. Hence, the most common inclusion criteria are the combination of underlying CKD or end-stage renal disease (ESRD) with concomitant cardiac pathology.
Patients with RCS have higher rates of cardiac complications and all-cause mortality, [2] with cardiovascular disease accounting for more than 50 % of deaths in ESRD [3] . Cardiovascular events and mortality increase in proportion to worsening glomerular filtration rate (GFR) [4] . Moreover, cardiac complications that develop in CKD portend worse outcomes [4] . This review will discuss our current clinical understanding of RCS, providing the evidence for its pharmacologic management.
Pathophysiology
Although an extensive discussion of the underlying pathophysiology of RCS is not the focus of this review, a brief overview may highlight the therapeutic targets of RCS that will be discussed. Despite higher prevalence of traditional risk factors in patients with CKD, including diabetes mellitus, hypertension, and hyperlipidemia, [5] the burden of cardiovascular disease in this population remains disproportionate [6] . Non-conventional risk factors resulting from the uremic state likely play an important role, although the precise causative factors for accelerated cardiovascular disease are often unclear. These include hemodynamic factors such as volume and pressure-overload, and non-hemodynamic factors such as anemia, abnormal calcium-phosphorous metabolism, uremic toxins (e.g., homocysteine, indoxyl sulfate), cardiotonic steroids, increased inflammatory markers, elevated lipoprotein levels, endothelial dysfunction, and oxidative stress [7•] . The negative effect of the hostile uremic milieu on cardiac status is highlighted in findings from the Frequent Hemodialysis Network study that demonstrated favorable outcomes on left ventricular mass and cardiac death in a frequent dialysis group (six times weekly, 1.5-2.75 hours/treatment) as compared to a conventional dialysis group [8] . Moreover, the reversible nature of heart failure with kidney transplantation further highlights the direct contribution of uremia in myocardial performance [9] .
As cardiac dysfunction ensues in the setting of progressive renal failure, the vicious cycle of CRS is created. Previously thought to be the predominant result of an impaired circulatory state, the heart and the kidneys are now believed to be a complex interaction of multiple factors. The compensatory activation of the sympathetic nervous system (SNS) and renin-angiotensin-aldosterone system (RAAS) becomes maladaptive as kidney function deteriorates. Sympathetic overactivity leads to adverse consequences as it: 1) reduces the myocardial β-adrenergic receptor density; 2) induces insulin resistance and dyslipidemia leading to accelerated atherosclerosis; 3) potentiates vasoconstriction; and 4) induces abnormal renal sodium handling [10] . Meanwhile, excess activation of RAAS (potentiated in an overactive sympathetic state) can lead to a sodium-avid state and adverse ventricular remodeling. Progressive volume overload as a result of RCS may also contribute to such neurohormonal overactivation. In fact, decades ago Winton demonstrated the superior influence of elevated renal venous pressure over reduced renal arterial pressure on worsening kidney function in an animal model [11] . This concept formed the basis for our understanding of the integral role of renal venous, central venous and intraabdominal pressures in CRS [12] .
Treatment
Management of RCS necessitates a comprehensive approach that takes into account its proposed pathophysiology. Conventional risk factors, as well as factors related to the uremic milieu must be addressed in conjunction with SNS, RAAS, and congestion. In clinical practice cardiovascular disease remains an under-treated entity in CKD, with patients less likely to receive medications that interrupt neurohormonal pathways [13] . This is due to a paucity of data derived from randomized controlled trials in the CKD population (see Table 1 ) [14] . There is also reluctance on the part of healthcare providers in prescribing these medications due to their perceived negative impact in CKD. Increasing physician awareness with the available data is paramount in changing practice patterns and improving outcomes.
Modifying Conventional Risk Factors

Aspirin
Patients with CKD including those with ESRD are less likely to be prescribed aspirin following a myocardial infarction, [15] likely due to bleeding concerns related to the uremic state [16] . Nevertheless in the chronic care setting, a subgroup analysis of the Hypertension Optimal Treatment (HOT) study compared aspirin (75 mg) to placebo, and stratified patients according to estimated GFR (eGFR) [17] . The investigators observed a reduction in major cardiovascular events, ranging from 9-66 %, with the higher end of improvement in those with an eGFR <45 mL/min. This protective effect was significantly greater than in those without CKD. Although an increased bleeding risk was expectedly noted, there was a tendency towards a more favorable benefit-risk ratio with a decline in GFR. Meanwhile, the data supporting the routine use of other antiplatelet agents in the management of RCS has been less robust. In fact, outcomes in clopidogrel-treated patients with CKD were not shown to be superior to placebo, [18] and clopidogrel may even be harmful in patients with significant diabetic nephropathy [19] . The risk-benefit considerations for aspirin and other anti-platelet agents in RCS warrant further investigations.
Managing Hypertension
The presence of severe LVH and diastolic dysfunction in RCS is often attributed to poorly controlled hypertension. A well-defined correlation between hypertension and cardiovascular events has been established in the general population, [20] and can be extrapolated to the CKD population. A study attempted to delineate the potential cardiovascular benefit of lowering blood pressure (BP) in CKD patients with a history of cerebrovascular disease [21] . The BPlowering therapy with perindopril reduced the risk of major vascular events with a 1.7-fold greater effect in those with CKD. Similar results were seen in a post-hoc analysis with ramipril [22] . However, the relationship between hypertension and mortality in the dialysis population has demonstrated a "U"-shaped curve with worse outcomes at either end of the BP spectrum. [23] Lower BP may hinder the adequacy of dialysis sessions to attain a euvolemic and non-uremic state, and may pose challenges for maintaining drug therapy such as neurohormonal antagonists. It may also be a case of reverse causality, wherein poor myocardial structure and function can be associated with lower baseline BP. While the optimal BP for CKD and ESRD patients is unknown, avoiding significant decreases in BP with medical therapy or hemodialysis is critical to prevent adverse outcomes. The 24-hour ambulatory monitor may provide important clinical data to guide therapy in these settings.
Managing Hyperlipidemia and Statin Therapy
Recent evidence suggests that by lowering cholesterol, statins have the potential to stimulate transforming growth factor-β, [24] a cytokine that mediates progression of renal fibrosis [25] . Such an effect has not been evident in clinical trials, and statins may actually offer renoprotective effects in CKD by reducing proteinuria [26] . In a subgroup analysis, pravastatin was associated with a reduction in the primary end-point of death from coronary disease or symptomatic nonfatal myocardial infarction in those with mild renal insufficiency [27] . The Study of Heart and Renal Protection (SHARP) trial demonstrated the safe reduction of major atherosclerotic events in patients with CKD with a reduction in LDL cholesterol using simvastatin plus ezetimibe [28] . The results of this study may seem contradictory to those performed in dialysis patients that show increased mortality with lower cholesterol levels [29] . This may be related to the lower cholesterol levels being a marker of an inflammatory and malnourished state associated with decreased survival, a concept that was highlighted in a study in dialysis patients [30] . Other studies that assessed statins in ESRD failed to show a significant improvement in cardiovascular events, despite reductions in LDL cholesterol [31, 32] . However, a post-hoc analysis of one such trial, the 4D study, demonstrated a significant reduction in cardiac events and mortality with the use of atorvastatin in those with baseline LDL >145 mg/dL [33] .
Managing Diabetes Mellitus
Diabetes mellitus remains the most common cause of ESRD. In this setting it amplifies the cardiovascular risk of CKD thus representing a major challenge. Microalbuminuria, a common complication of diabetes, is a harbinger of diabetic nephropathy and a marker of cardiovascular morbidity and mortality independent of renal function [34] . Evidence suggests that microalbuminuria at levels less than the conventional definition is associated with cardiovascular events, and therapy aimed at reducing albuminuria decreases these events and slows the annual decline of GFR [35, 36] . The risk of microvascular complications can be reduced with intensive glycemic control with a goal HbA1c of 7 % [37] . Despite HbA1c correlating with cardiovascular disease, [38] clinical trials have failed to show clear benefit of strict glycemic control in reducing cardiovascular events [39, 40] . However, during a mean 17 year follow-up of the Diabetes Control and Complications Trial (DCCT), beneficial effects on macrovascular disease were noted with intensive glucose-lowering therapy [41] .
Modifying Uremic Complications
Anemia
The physiologic response to anemia is a hemodynamic compensatory high-output state. Chronically this leads to Composite end-point of fatal and non-fatal major CV events No significant improvement [95] Spironolactone vs. placebo in CKD stage 2 and 3, n0112
Changes in LV mass and arterial stiffness Improvement [68] Simvastatin + ezetimibe vs. placebo in CKD patients, n09270
First major atherosclerotic event Improvement [28] Atorvastatin vs. placebo in HD patients with diabetes, n01255
CV mortality, non-fatal MI, stroke No significant improvement [31] Rosuvastatin vs. placebo in HD patients, n02776
CV mortality, non-fatal MI, non-fatal stroke No significant improvement [32] CKD, chronic kidney disease; HD, hemodialysis; CM, cardiomyopathy; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection fraction; CV, cardiovascular; CHF, chronic heart failure; LV, left ventricular; MI, myocardial infarction.
LVH and arterial remodeling, factors that contribute to left ventricular wall stress and impaired coronary perfusion [42] . The relationship between anemia and cardiovascular disease has been well established in CKD, [43] with evidence suggesting improvement of heart failure and cardiac function by correcting anemia with erythropoietin and intravenous iron [44, 45] . Ideal target hemoglobin remains a controversial issue. The Normal Hematocrit Cardiac Trial (NHCT) was one of the earliest randomized trials to assess erythropoietin in patients on hemodialysis [46] . The study involved 1,233 patients with underlying ischemic heart disease or congestive heart failure randomized to a goal hematocrit of 30 % or 42 %, with the former group yielding better results, albeit not statistically significant. The results led to early termination of the study.
A meta-analysis of randomized controlled trials that studied the targeting of different hemoglobin concentrations with erythropoietin therapy for anemia of CKD concluded that targeting higher hemoglobin increases all-cause mortality (risk ratio 1.17, 95 % CI 1.01-1.35; p00.031) [47] . A subsequent meta-analysis revealed a significantly increased risk of stroke, hypertension, and vascular access thrombosis when targeting higher hemoglobin [48] . The increased morbidity and mortality resulting from attempts to normalize hemoglobin does not justify the possible benefits of improved quality of life and reduced transfusion requirement. Current evidence recommends against targeting hemoglobin levels above 12 mg/dL.
Calcium-Phosphorous Metabolism
Mineral homeostasis maintained through interactions between calcium, phosphorous, parathyroid hormone (PTH) and vitamin D, is disturbed in CKD. A rise in phosphorous is seen with declining renal function, ultimately leading to hypocalcemia and secondary hyperparathyroidism. Alternatively, elevated PTH can be a consequence of aggressive volume management with diuretic therapy and subsequent development of secondary hyperaldosteronism, particularly in the setting of RCS. The primary adverse consequence of such changes is manifested in the vascular system through vascular calcification, leading to arterial stiffness with downstream effects resulting in LVH and diminished subendocardial coronary perfusion [49] .
Hemodialysis patients with lower serum phosphorous have improved survival [50] . Lowering phosphorous may be utilized as a strategy to preserve mineral homeostasis and prevent secondary hyperparathyroidism with its associated cardiovascular and bone mineral disease. The use of calcium-containing phosphate binders and vitamin D analogues to inhibit the cascade that leads to secondary hyperparathyroidism may inadvertently worsen the calciumphosphate product. One study showed that the calcium score in coronary arteries and the aorta was increased with calcium-containing phosphate binders but not with sevelamer, a non calcium-containing phosphate binder [51] . Suppressing PTH using cinacalcet may theoretically provide an additional area of target. Preliminary results from the Evaluation of Cinacalcet Therapy to Lower Cardiovascular Events (EVOLVE) trial however, failed to reveal positive outcomes [52] . Current evidence suggests that interventions on mineral disorders in CKD may have favorable effects on surrogate markers, e.g., vascular calcification or biochemical mineral improvements. However, this may not necessarily translate into clinically improved cardiovascular outcomes [53] .
Homocysteine
Homocysteine, an independent risk factor for cardiovascular disease [54] is elevated in CKD in proportion to the decline in GFR [55] . Homocysteine fulfills the criteria for a host of protein-bound and circulating factors known as "uremic toxins" that exert adverse metabolic consequences in the setting of RCS. Although meta-analyses of observational studies demonstrate an inverse relationship between cardiovascular disease and homocysteine levels, [56] prospective trials have failed to show a protective effect with folic acid, vitamin B6, and vitamin B12, despite a reduction in homocysteine [57] . Similar negative results were seen in those with ESRD [58] . These findings are intriguing considering homocysteine is an established mediator of atherothrombosis through endothelial injury and oxidative stress, [59] and not merely a surrogate marker of cardiovascular disease. The metabolic pathways involving homocysteine, and the interaction of vitamins and minerals with these pathways may be more complex than our current understanding.
Modifying Cardiorenal Interactions
Modulating Renin-Angiotensin-Aldosterone System Uremic cardiomyopathy ultimately results in the uncontrolled activation of RAAS forming a primary target for therapy. The importance of RAAS in the context of heart failure is highlighted in a study that identified patients who did not tolerate ACE-inhibitors as a group at higher mortality risk [60] . Targeting RAAS may be at the expense of worsening renal function. An analysis of the Cooperative North Scandinavian Enalapril Survival Study (CONSENSUS) showed that creatinine levels stabilized after an initial slight increase, with enalapril being tolerated in the majority of patients [61] . Of note, hypotension was the strongest factor associated with increased creatinine in this study, a point that must be taken into consideration when diuresing patients in an attempt to attain euvolemia. Interestingly, despite early worsening of renal function, those that continued to take enalapril in the Studies of Left Ventricular Dysfunction (SOLVD) trial had improved survival, whereas worsening creatinine in the placebo group was a more ominous sign [62] .
In the setting of RCS, a study looking at patients with CKD demonstrated consistent mortality risk reduction with benazepril, although its impact on myocardial structure and function is unclear [63] . A double-blinded randomized controlled trial in ESRD patients with a left ventricular ejection fraction (LVEF) <40 % and NYHA class II or III symptoms resulted in a significant improvement in survival and cardiovascular morbidity and mortality with the addition of telmisartan to standard therapy with ACE-inhibitor [64•] . In a 2-week preliminary runin phase, 19 of the 351 enrolled patients were excluded, of which seven were for symptomatic hypotension (2.0 %). During the 3-year maintenance period, hypotension resulted in 18 exclusions in the telmisartan arm (10.9 %), and seven exclusions in the placebo arm (4.2 %). The risk of hypotension, although present, does not seem prohibitive. Moreover, the trial used an aggressive regimen including maximum dose telmisartan (76 % of patients reached the target dose of 80 mg), an ACE-inhibitor, and carvedilol in 60.3 % of patients in the telmisartan arm. The role of angiotensin blockade in ESRD is not limited to those with heart failure. A randomized controlled trial of candesartan in hemodialysis patients with no clinical evidence of underlying cardiac dysfunction demonstrated favorable cardiovascular outcomes [65] . In hypertensive patients, angiotensin receptor blockers (ARB) may provide a cardioprotective effect greater than their BP-lowering effect. In one study, losartan produced greater regression of LVH in hemodialysis patients as compared to enalapril and amlodipine, despite similar reductions in mean BP [66] . A similar effect on LVH was seen with valsartan in patients on continuous ambulatory peritoneal dialysis (CAPD), and this was associated with a reduction in arterial stiffness [67] .
Aldosterone inhibition provides a further means of intervention. Edwards et al. studied the use of spironolactone in early CKD in two randomized controlled trials, demonstrating regression in LV mass and improved arterial stiffness, [68] in addition to improved markers of regional systolic and diastolic function [69] .
In addition to their cardioprotective effects, RAASinhibitors possess renoprotective properties. This has been proven in clinical trials in which ARBs were shown to yield beneficial renal effects in type 2 diabetes [70] . Such effects include reduction in the level of microalbuminuria, and halting progression to overt nephropathy, ESRD, or death, independent or out of proportion to their BP-lowering property. Aldosterone levels correlate with proteinuria, an important indicator of progression of kidney disease [71] . Spironolactone may play an adjunctive role with ACE-inhibitors and/or ARBs to offer a greater reduction in proteinuria [72] .
Following the Randomized Aldactone Evaluation Study (RALES), the prescription of spironolactone considerably increased, along with associated hyperkalemia and its complications [73] . Navaneethan et al. described the increased risk of hyperkalemia noted with the addition of a non-specific aldosterone antagonist to ACE-inhibitor and/or ARB in a systematic review of 11 trials [72] . Therefore, these agents should be used with caution in CKD especially with concomitant ACEinhibitors and/or ARBs. Multiple small studies with either lowdose spironolactone or eplerenone have indicated relative safety of these medications in the setting of ESRD [74•] . A mild, and for the most, clinically insignificant rise in potassium was seen in some patients. This slight risk is clearly offset by the benefits of preventing vascular injury and improving cardiac function and geometry. Meanwhile, a novel potassium binder, RLY5016, has been shown to safely prevent hyperkalemia in patients with heart failure receiving standard therapy and spironolactone [75] . This may provide a future strategy that allows safe inhibition of RAAS in patients with CKD.
Modulating Sympathetic Nervous System
CKD leads to a state of sympathetic overactivity with potential to worsen cardiovascular disease and lead to progression of renal disease. In a post-hoc analysis of the Metoprolol CR/ XL Randomised Intervention Trial in Congestive Heart Failure (MERIT-HF), mortality and hospitalization for heart failure were effectively reduced even in those with an eGFR <45 mL/min [76] . Carvedilol possesses the strongest evidence for use in ESRD patients with heart failure. An open-label randomized controlled trial of 114 patients with LVEF <35 % and NYHA class II to III symptoms demonstrated an improvement in cardiac geometry and function in addition to symptomatic benefits with carvedilol as compared to baseline measurement and the placebo group [77] . The tolerability of carvedilol was assessed in this trial in a 2-week preliminary run-in phase. Eighteen of the 132 patients (13.6 %) that entered this phase were excluded, of which three were due to hypotension (2.3 %). During the maintenance phase, hypotension resulted in only one drop out in the carvedilol group (1.7 %). It is evident that after initially tolerating the medication, most patients can be maintained on carvedilol with few side effects. Following the initial study, an additional 12-month follow-up was designed to assess cardiovascular outcomes (Fig. 1) [78] . Results demonstrated a reduction in allcause mortality (51.7 % vs. 73.2 %, p<0.01), cardiovascular mortality (29.3 % vs. 67.9 %, p<0.00001), and hospitalization (34.5 % vs. 58.9 %, p<0.00001).
Beta-blockers possess renoprotective effects in hypertensive nephrosclerosis similar to ACE-inhibitors, but of less magnitude [79] . In hemodialysis patients they have the most pronounced association with survival as compared to other anti-hypertensive drugs [80] .
A systematic review revealed survival benefits with the use of beta-blockers in patients with CKD and chronic systolic heart failure [81] . Nevertheless, these medications are underutilized in CKD with potential fears including metabolic disturbances, worsening renal function and hemodynamic abnormalities. The efficacy and safety profile of beta-blockers including metoprolol, atenolol, and carvedilol, have been well established in CKD, [82] although atenolol must be used with caution due to reduced renal clearance. Oxidative stress has been associated with microalbuminuria, [83] possibly accounting for some of the superior renoprotective properties of carvedilol [84] .
Managing Volume Overload with Renal Replacement Therapy vs. Pharmacologic Therapy
Diuretics provide symptomatic benefit in those with CKD and heart failure. In addition they have an important role in interrupting the cardiorenal cascade. Decreased preload reduces right ventricular dilatation leading to improved left ventricular filling and contractility. This improvement is related to ventricular interdependence, referred to as the "reverse Bernheim phenomenon". Furthermore, the central therapeutic role of reducing intra-abdominal pressure and central venous pressure in CRS has become evident over the years [85] .
Although diuretics may result in a slight worsening of creatinine, when used judiciously they play a role in interrupting CRS and improving outcomes. Hemoconcentration as a marker of aggressive diuresis has a negative impact on renal function, but is associated with significantly improved survival in patients with congestive heart failure [86] .
Newer hemodialysis strategies may provide physicians with superior means of managing volume status in RCS. Nocturnal hemodialysis allows for more frequent, longer duration dialysis sessions. This modality has shown regression of LVH [87] and improved LVEF [88] as compared to conventional hemodialysis. Peritoneal dialysis may have a theoretic advantage over conventional hemodialysis in patients with CRS due to the absence of major hemodynamic shifts. However, evidence suggests that sub-clinical volume expansion with resultant hypertension and LVH are more pronounced in CAPD than in hemodialysis [89] , likely related to poor peritoneal dialysis prescription design rather than the therapy itself. Developments in the field of peritoneal dialysis have allowed an improvement in volume status and LVH with use of icodextrin and hypertonic dialysate solutions [90, 91] . ACE-inhibitors e.g., ramipril and ARBs may play a role in preserving residual renal function, [92] an important marker of morbidity and mortality in patients receiving peritoneal dialysis [93] .
Management of ESRD has typically focused on reducing extracellular volume overload through ultrafiltration, with a relative neglect of the pharmacologic measures that inhibit deleterious neurohormonal pathways. In one cohort, ACEinhibitors and beta-blockers were used in less than 25 % of ESRD patients with a known history of heart failure [94] . Balancing renal replacement therapy with pharmacologic management of CRS should be based on the current available evidence. The cardio-protective benefits of inhibiting SNS and RAAS that have been discussed in this review must be weighed against other factors. Activation of SNS and RAAS during dialysis helps prevent intra-dialytic hypotension. This compensatory mechanism is lost with betablockers and RAAS-inhibitors. In non-hypertensive patients, pharmacotherapy in reno-cardiac syndrome poses a dilemma due to the "U-shaped" BP curve in the ESRD population. Moreover, hypotension that occasionally results from these medications has the potential to limit the adequacy of dialysis. On the contrary, in an attempt to attain euvolemia, diuresis or dialysis may reduce effective circulating volume and cause hypotension limiting or prohibiting the use of neurohormonal antagonists. A narrow therapeutic window for managing volume in these patients exists, and is further confounded by the difficulty in differentiating between cardiac and renal causes of vascular congestion in those with concomitant heart failure and ESRD.
Conclusion and Future Perspectives
Despite a wealth of evidence suggesting the potential for a wide spectrum of pharmacologic therapy and interventions to manage heart failure, few studies have directly targeted RCS, partly because of the nebulous definitions and nonspecific physiologic endpoints. Renal studies often lack precise cardiac measurements, and cardiac studies often exclude patients with significant renal impairment. To reinforce our limited pathophysiologic understanding of cardiorenal interactions, it is hoped that biomarkers that can provide mechanistic insights will allow the triage of patients for more targeted pharmacologic therapy. In the meantime, appropriate management must incorporate the multiple aspects of RCS including modifying conventional cardiovascular risk factors, reducing uremic complications through metabolic interventions, and balancing volume status to maximize appropriate therapeutic interventions. The latter requires a strategy to judiciously manage extracellular volume through diuretics and renal replacement therapy while simultaneously treating with medications that inhibit neurohormonal pathways. It is imperative that future studies be conducted to evaluate this fine balance.
